Mg1.8Mn0.2Si1 −y O4Zry, 0.0 ≤ y ≤ 0.4 samples were prepared via sol gel method. The structural and electrochemical properties of the samples were systematically investigated. The diffraction peaks of the samples correspond to a single phase and indexed with an orthorhombic crystal system of space group Pmna. X-ray diffraction patterns of the materials showed no existing of impurities for y ≤ 0.3 indicated that Zr 4+ fully entered the lattice structure. Zr 4+ doping influenced the enhancement of the structural and electrochemical performance of Mg1.8Mn0.2SiO4. The substitution of Zr 4+ with Si 4+ in the lattice structure is expected to enhance the electron transfer in the structure by enlarge the migration channel of the compound. For this work, Mg1.8Mn0.2Si0.7O4Zr0.3 which possessed the largest unit cell volume, a porous morphology and smallest Rct, exhibits the smallest potential separation which contributed to the enhancement of electrochemical properties.
INTRODUCTION
The expanding demand for large scale power system to meet various applications keep increasing [1, 2] . There is an urgent need to identify alternative cathode materials for developing rechargeable batteries which are cheap, safe and high energy. In the past few years, polyanion based materials with (XO4) n− group have attracted considerable attention as cathode material in lithium ion batteries because of their safety and high stability [3] . Li2MSiO4 (M = Fe, Co, Ni, Mn) which is one of the polyanion based materials was a promising alternative cathode materials due to the order-disorder properties of atom without causing significant structural variation [4] . Meanwhile, this material also has high energy density with the ability to transfer two electrons per transition metal atom. The structural stabilities and multivalent transition metal cores of these materials allow for reversible lithium ion insertion without much structural damage [ 5] . Various techniques have been adopted in Li ion battery research to enhance the electrochemical performance of polyanion compounds such as particle size reduction [6] [7] [8] [9] [10] , conductive carbon coating [11] [12] [13] [14] [15] [16] [17] and super valent cation doping [18] [19] [20] [21] [22] [23] [24] . Recently, magnesium have attracted considerable attention in batteries system due to their safety and high abundance in nature [25] [26] . However, development of magnesium based system have been hindered by two problems which are difficult to achieve reversible magnesium intercalationdeintercalation process and formation of passivation layer [3] . Following the achievement and development in polyanion based cathode materials for Lithium ion batteries and abundance of knowledge contributed, a huge attention has been given to the development of polyanion based cathode materials for magnesium ion batteries. A Forsterite compound, Mg2SiO4 has been proven to be a promising cathode material in magnesium rechargeable batteries [27] . A number of papers have been published on the modification of Mg2SiO4 in order to improve the electronic conductivity as well as its electrochemical activity in cathode material. solid solution using the sol gel method was discussed by our groups [32] . The potential interval ( V  ) was reported to decrease from 1.76 V in parent compound to 1.57 V in substituted compound indicated that, the doping is one of beneficial technique to enhance the performance of the Mg2SiO4 material [32] .
The scope of the present work is to study the structural and electrochemical properties of novel Mg1.8Mn0.2Si1 −y O4Zry compound prepared by the sol-gel method. The substitution of Zr 4+ with Si 4+ in the lattice structure is expected to enlarge the migration channel of the compound. Detail studies on their structural and electrochemical properties were carried out since such study on this compound using this method has never been reported in the literature. 
EXPERIMENTAL PROCEDURE

Materials characterization
PANanalytical-X'pert 3 X-ray diffractometer employing Cu Kα radiation of wavelength of 1.5406
Å was used to identify the crystalline phase of the studied materials. Infrared spectra of Mg1.8Mn0.2Si1 −y O4Zry (0.0 ≤ y ≤ 0.3) were recorded using a Perkin Elmer Frontier FTIR spectrometer in wavenumber range from 1350 to 550 cm −1 . The surface morphology was observed with a Zeiss-Evo MA10 scanning electron microscope. The particle size information was obtained using FRITSCHAnalysette 22 NanoTec laser particle analyzer. Impedance data were obtained by using Solatron 1260 impedance analyzer over a frequency range 1 to 10 6 Hz. Transference number measurement was done using dc polarization method in order to determine the actual type of charge carriers in the obtained materials [33] . CV tests were performed using Wonatech ZIVE MP2 multichannel electrochemical workstation at a scan rate of 0.5 mV s −1 on the potential interval − 2.0 to 5.0 V (vs. Mg 2+ /Mg). The reference and counter electrode were fabricated from magnesium metal. All tests were performed at room temperature. Figure 1 shows the X-ray diffraction patterns of undoped Mg1.8Mn0.2SiO4 and doped materials Mg1.8Mn0.2Si1 −y O4Zry (0.1 ≤ y ≤ 0.3). All the peaks for doped sample fit the peaks for undoped structure very well without any impurity detected. All materials can be indexed on the basis of Forsterite, Mg2SiO4 and these sharp peaks in the pattern give an indication that the powders possess a high degree of crystallinity. The diffraction peaks of the samples correspond to a single phase and indexed based on Inorganic Chemistry Structure Database (ICSD) 98-008-8024 with an orthorhombic crystal system of space group Pmna (62). Compared with the XRD patterns of undoped Mg1.8Mn0.2SiO4, all Zr doped samples have no extra reflection peaks detected in the XRD patterns for y ≤ 0.3. This indicates that Zr 4+ entered the structure of Mg1.8Mn0.2SiO4 rather than forming impurities. However, the increase of Zr 4+ amount to 0.4 in Mg1.8Mn0.2Si1 −y O4Zry compound resulted in the growth of impurity phase. Therefore, we decided not to do further characterizations on the Mg1.8Mn0.2Si0.6O4Zr0.4 sample. The XRD spectra for 29.0 º ≤ 2θ ≤ 32.0 º and 49.0 º ≤ 2θ ≤ 52.0 º were magnified and illustrated in Figure 2 . As can be seen in Figure 2(a) , the dopant ratio from 0.1 to 0.3 leads to broadening of XRD peaks and a significant increase in their intensity. There is also a subtle but significant shift to the lower 2 theta angle of the diffraction peaks in Figure 2 (b). These observations prove that Zr 4+ was successfully incorporated into the Mg1.8Mn0.2SiO4 lattice without altering its structure for 0.0 ≤ y ≤ 0.3. The occupation of dopant in the undoped lattice can be expected to result in small changes in the lattice parameters of the crystal structure. 
RESULT AND DISCUSSION
(a) (b)
The lattice parameters for Mg1.8Mn0.2Si1 −y O4Zry (0.0 ≤ y ≤ 0.3) samples were calculated using Bragg equation [34] [35] , and the results are listed in Table 1 . As can be seen in Table 1 , lattice parameter a increases with increasing of Zr 4+ dopant amount. However, the changes in lattice parameters b and c are not monotonous. Lattice parameter b is the largest for sample y = 0.2 which is 6.1326 Å and the largest lattice parameter c is owned by sample y = 0.3 with 4.8351 Å. The unit cell volume shows the expansion, caused by the increase in lattice parameters, which may assist the intercalation and deintercalation of Mg ions during electrochemical processes. This increase in unit cell volume reveals the successful doping of Zr 4+ into the structure. doping has been used to stabilize and increase lattice parameter of olivine LiFePO4 [35] [36] [37] . According to Scherrer's equation [38] [39] , the crystallite size of the undoped sample was calculated to be 25.59 Å while the crystallite size of the Zr 4+ doped samples is in the range of 9.93 Å to 10.82 Å which is slightly smaller than that of the undoped Mg1.8Mn0.2SiO4. This may be due to the small grain growth of Zr 4+ doped materials compared to the undoped materials [40] . From the results above, we can conclude that the substituted of Zr 4+ influenced the structural of Mg1.8Mn0.2SiO4 compound.
FTIR spectra of Mg1.8Mn0.2Si1 −y O4Zry (0.0 ≤ y ≤ 0.3) system in a spectral region from 550 to 1350 cm -1 are shown in Figure 3 . The FTIR spectra for Mg2 −x MnxZrySi1 −y O4 system are similar to that of magnesium silicate which contains five main characteristic peaks of (SiO4) 4− ion. There are peaks observed in the range of 550 -650 cm −1 corresponding to SiO4 bending vibration modes [41] , peaks centered at 835 cm −1 and 874 cm −1 [42] [43] are assigned to symmetric stretching vibrations of Si-O-Si.
Meanwhile, the characteristic peaks associated to SiO4 stretching vibration modes are located in the range of 950 cm −1 to 990 cm −1 [41] [42] [43] . Lastly, the peaks appeared at 1105 cm −1 is attributed to Si-O-Si asymmetric stretching vibration mode of Mg2 −x MnxZrySi1 −y O4 [41] [42] [43] [44] . Substituted Zr 4+ into the Mg1.8Mn0.2SiO4 structure shows a significant effect on the SiO4 stretching vibration modes in the range of 950 cm -1 to 1050 cm −1 . The peaks for Zr 4+ doped materials are broader compared to the characteristics peaks for undoped material. Inserted in Figure 4 clearly shows that SiO4 stretching vibration peaks shifted to higher wavenumber. In addition, broadening of the shoulder peaks at 600 cm −1 to 750 cm −1 is also observed. The observed changes in the characteristic peaks prove that Zr 4+ has an inductive influence in lattice; this may introduce rearrangement of electric cloud in SiO4 4− ion and is expected to enhance the electrochemical performance of the materials [45] . Scanning electron micrograph was performed to characterize the surface morphologies of the Mg2 −x MnxZrySi1 −y O4 samples. Figure 4 presents the SEM micrographs of Mg1.8Mn0.2Si1 −y O4Zry (0.0 ≤ y ≤ 0.3). From Figure 4 (a), it can be seen that the Mg1.8Mn0.2SiO4 powders are uniform with small grains with sizes in micrometer range. The doped samples consist of agglomerated smaller particles that fused together and create a porous structure. Compared to the undoped material, Zr 4+ doped samples contain loose and porous structure which is favorable for ion diffusion [46] . The morphology of the samples is almost insensitive to the dopant amount. However, the particle size analysis reveals that the average particle size increases with the increase of the dopant ratio. The average particle size is 17.30 µm, 18.01 µm, 19.24 µm and 22.65 µm for y =0.0, y =0.1, y =0.2 and y =0.3 respectively. Previous reports suggested that micron size particles have sufficient capacity to be used in electrochemical cell [47] [48] . The details of ion migration were investigated by impedance method. Typical Nyquist plots of Mg1.8Mn0.2Si1 −y O4Zry (0.0 ≤ y ≤ 0.3) electrode obtained are presented in Figure 5 . All profiles exhibit a semicircle in the high frequency region and a tilted spike in the low frequency region. The high frequency semicircle is related to the charge transfer process and the diameter of the semicircle is approximately equal to the charge transfer resistance (Rct). The sloping line at low frequency is associated with the ion diffusion in solid phase [4] . Significant depressed semicircle is observed for samples with higher dopant compared to those with lower dopant indicating a marked decrease in Rct. The lower Rct implies that the materials possess easier charge transfer process [48] [49] . Values of Rct for all samples are presented in Table 2 . Figure 6 shows the plot of normalized polarization current with respect to time for the highest conductivity sample, Mg1.8Mn0.2Si0.7O4Zr0.3. The transference, ele for the sample is 0.41. This suggests that this type of materials is a mixed conductor and thus suitable for use as cathode material in electrochemical cells. Table 2 . This result is comparable with CV potential separation for some lithium polyanion based materials as listed in Table 3 . Table 2 . Charge transfer resistance, Rct and potential separation, ΔE for Mg1.8Mn0. For an electrochemical system, the potential separation between anodic and cathodic peaks reflects the reversibility of the electrochemical reaction. The potential separation between cathodic and anodic peak decreases as the dopant ratio increases. This is consistent with σ-y behavior. Therefore, it can be inferred that the potential separation in Figure 7 was improved by the influence of Zr 4+ doping.
This suggests that the performance of a sample is greatly improved upon Zr 4+ doping process.
Mg1.8Mn0.2Si1 −y O4Zry (y = 0.3) sample with cathodic-anodic peak located at 0.37/1.73 V exhibits the smallest potential separation which shows the improvement of electrochemical properties compared to undoped compound. 
